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We investigate the magnetization dynamics through the magnetoimpedance effect in ferromag-
netic NiFe/Cu/Co films. We observe that the magnetoimpedance response is dependent on the
thickness of the non-magnetic Cu spacer material, a fact associated to the kind of the magnetic
interaction between the ferromagnetic layers. Thus, we present an experimental study on asym-
metric magnetoimpedance in ferromagnetic films with biphase magnetic behavior and explore the
possibility of tuning the linear region of the magnetoimpedance curves around zero magnetic field
by varying the thickness of the non-magnetic spacer material, and probe current frequency. We
discuss the experimental magnetoimpedance results in terms of the different mechanisms governing
the magnetization dynamics at distinct frequency ranges, quasi-static magnetic properties, thickness
of the non-magnetic spacer material, and the kind of the magnetic interaction between the ferro-
magnetic layers. The results place ferromagnetic films with biphase magnetic behavior exhibiting
asymmetric magnetoimpedance effect as a very attractive candidate for application as probe element
in the development of auto-biased linear magnetic field sensors.
PACS numbers: 75.40.Gb, 75.30.Gw, 75.60.-d
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The magnetoimpedance effect (MI), known as the
change of the real and imaginary components of elec-
trical impedance of a ferromagnetic conductor caused by
the action of an external static magnetic field, is com-
monly employed as a tool to investigate ferromagnetic
materials. For a general review on the effect, we sug-
gest the Ref.1. In recent years, the interest for this phe-
nomenon has grown considerably not only for its contri-
bution to the understanding of fundamental physics as-
sociated to magnetization dynamics2, but also due to the
possibility of application of materials exhibiting magne-
toimpedance as probe element in sensor devices for low-
field detection3. In this sense, the sensitivity and linear-
ity as a function of the magnetic field are the most im-
portant parameters in the practical application of magne-
toimpedance effect for magnetic sensors4. Experiments
have been carried out in numerous magnetic systems,
including ribbons5–7, sheets8, wires9–13, and, magnetic
films14–16,16,17,17–23. However, although soft magnetic
materials are highly sensitive to small field variations at
low magnetic fields, due to magnetization process most
of them essentially have nonlinear MI behavior around
zero magnetic field, which prevents a simple straightfor-
ward derivation of an appropriate signal for sensor appli-
cations23,24.
The shift of the sensor operational region and the lead-
ing of the linear MI behavior at around zero magnetic
field can be obtained primarily by applying a bias field or
an electrical current to the ordinary MI element24. How-
ever, this approach proved to be disadvantageous from
the practical and technological point of view, mainly due
to energetic consumption. Recently, it has been shown
that materials exhibiting asymmetric magnetoimpedance
(AMI) effect arise as promising alternative with poten-
tial of application, opening possibilities for the use of this
kind of materials for the development of auto-biased lin-
ear magnetic field sensors. For these materials, the asym-
metric effects are obtained by inducing an asymmetric
static magnetic configuration, usually done by magneto-
static interactions13,24,25 or exchange bias4,16,23,26,27.
For ferromagnetic films, the primary AMI results have
been measured for exchange biased multilayers16,23,27.
Theory and experiment agree well for MI curves shifted
by the exchange bias field, following the main features
of the magnetization curve, as well as it is verified that
the linear region of AMI curves can be tuned to around
zero just by modifying the angle between applied mag-
netic field and exchange bias field, or changing the probe
current frequency. On the other hand, another promis-
ing possibility of AMI material resides in films presenting
biphase magnetic behavior, with hard and soft ferromag-
netic phases intermediated by a non-magnetic layer act-
ing together.
In this work, we investigate the magnetoimpedance ef-
fect in ferromagnetic NiFe/Cu/Co films. We observe that
the MI response is dependent on the thickness of the
non-magnetic Cu spacer material, a fact associated to
the kind of the magnetic interaction between the ferro-
magnetic layers. Here we show that the linear region
of the asymmetric magnetoimpedance curves in these
films is experimentally tunable by varying the thickness
of the non-magnetic spacer material, and probe current
frequency. The results place ferromagnetic films with
biphase magnetic behavior exhibiting asymmetric mag-
netoimpedance effect as a very attractive candidate for
application as probe element in the development of auto-
biased linear magnetic field sensors.
For this study, we produce Ni81Fe19(25
2nm)/Cu(tCu)/Co(50 nm) ferromagnetic films, with
tCu = 0, 1.5, 3, 5, 7, and 10 nm. The films are
deposited by magnetron sputtering from targets of
nominally identical compositions onto glass substrates,
with dimensions of 8 × 4 mm2. A buffer Ta layer is
deposited before the NiFe layer to reduce the roughness
of the substrate, as well as a cap Ta layer is inserted
after the Co layer in order to avoid oxidation of the
sample. The deposition is carried out with the following
parameters: base vacuum of 10−8 Torr, deposition
pressure of 2.0 mTorr with a 99.99% pure Ar at 32 sccm
constant flow, and DC source with power of 150 W for
the deposition of the NiFe and Co layers, while 100 W
for the Cu and Ta layers. During the deposition, the
substrate rotates at constant speed to improve the film
uniformity, and a constant magnetic field of 2 kOe is
applied perpendicularly to the main axis of the substrate
in order to induce a magnetic anisotropy and define
an easy magnetization axis. X-ray diffraction results,
not shown here, calibrate the deposition rates and
verify the Co(111) and NiFe(111) preferential growth
of all films. Magnetization curves are obtained with a
vibrating sample magnetometer, measured along and
perpendicular to the main axis of the films, to verify the
quasi-static magnetic behavior. Magnetization dynamics
is investigated through MI measurements obtained using
a RF-impedance analyzer Agilent model E4991, with
E4991A test head connected to a microstrip in which
the sample is the central conductor. Longitudinal MI
measurements are performed by acquiring the real R
and imaginary X parts of the impedance Z over a wide
range of frequencies, from 0.1 GHz up to 3.0 GHz, with
0 dBm (1 mW) constant power applied to the sample,
characterizing the linear regime of driving signal, and
magnetic field varying between ±300 Oe, applied along
the main axis of the sample. Detailed information
on the MI experiment is found in Refs.21,22. In order
to quantify the sensitivity and MI performance as a
function of the frequency, we calculate the magnitude
of the impedance change at the low field range ±6 Oe
using the expression23
|∆Z|
|∆H |
=
|Z(H = 6Oe)− Z(H = −6Oe)|
12
. (1)
Here, we consider the absolute value of ∆Z, since the
impedance around zero field can present positive or neg-
ative slopes, depending on the sample and measurement
frequency. In particular, it is verified that |∆Z|/|∆H | is
roughly constant at least for a reasonable low field range.
Figure 1 shows the quasi-static magnetization curves
for selected films, measured with the external in-plane
magnetic field applied along and perpendicular to the
main axis. When analyzed as a function of the the thick-
ness of the non-magnetic Cu spacer material, it is ob-
served an evolution of the shape of the magnetization
curves, indicating the existence of a critical thickness
range, ∼ 3 nm, which splits the films in groups according
the magnetic behavior. For films with tCu below 3 nm,
the NiFe and Co layers are ferromagnetically coupled.
The angular dependence of the magnetization curves in-
dicates an uniaxial in-plane magnetic anisotropy, induced
by the magnetic field applied during the deposition pro-
cess, and oriented perpendicularly to the main axis. De-
spite the similar magnetic behavior, the film with 1.5 nm-
thick Cu layer (not shown) has slightly higher coercive
field if compared to the one for the film without spacer
material, possibly associated to the increase of the whole
sample disorder due to the non-formation of a regular
complete Cu layer. The film with tCu = 3 nm, within
the critical Cu thickness range, presents an intermediate
magnetic behavior, with smaller magnetic permeability,
characterized by the first evidences of a small plateau
in the measurement perpendicular to the main axis, and
the appearance of magnetization regions associated to
distinct anisotropy constants of the NiFe and Co layers.
Films with tCu above the critical thickness range exhibit
a biphase magnetic behavior. The two-stage magnetiza-
tion process is characterized by the magnetization rever-
sion of the soft NiFe layer at low magnetic field, followed
by the reversion of the hard Co layer at higher field. None
substantial difference between the magnetization curves
measured for films with tCu > 3 nm is verified. In prin-
ciple, the biphase magnetic behavior suggests that the
ferromagnetic layers are uncoupled. The easy magneti-
zation axis remains perpendicular to the main axis of the
substrate, as expected. The weaker anisotropy induction
and increase of hysteretic losses are primarily related to
the roughness of the interfaces and lack of homogeneity
of the Cu layer arisen as its thickness is raised18.
It is well-known that quasi-static magnetic proper-
ties play a fundamental role in the dynamic magnetic
response and are reflected in the MI behavior23. The
shape and amplitude of the magnetoimpedance curves
are strongly dependent on the orientation of the applied
magnetic field and ac current with respect to the mag-
netic anisotropies, magnitude of the external magnetic
field, and probe current frequency, as well as are di-
rectly related to the main mechanisms responsible for
the transverse magnetic permeability changes: skin effect
and ferromagnetic resonance (FMR) effect23,28,29. How-
ever, magnetoimpedance effect can also provide a further
insights on the nature of the interactions governing the
magnetization dynamics and energy terms affecting the
transverse magnetic permeability.
Regarding the MI results, Fig. 2 shows the MI curves,
at the selected frequency of 0.75 GHz, for the films with
different thicknesses tCu of the non-magnetic Cu spacer
material. All samples exhibit a double peak behavior for
the whole frequency range, a signature of the perpen-
dicular alignment of the external magnetic field and ac
current with the easy magnetization axis. An interesting
feature related to the MI behavior of the NiFe/Cu/Co
films resides in the amplitude and position of the peaks
with the thickness of the non-magnetic Cu spacer mate-
rial, and the probe current frequency.
Films with tCu < 3 nm present the well-known sym-
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FIG. 1: Representative normalized quasi-static magnetization curves for selected NiFe/Cu/Co films with different thicknesses
of the non-magnetic Cu spacer material, obtained with the in-plane magnetic field applied along (‖) and perpendicular (⊥) to
the main axis. Films with tCu below 3 nm present behavior similar to that verified for the film with tCu = 1.5 nm, while the
films with tCu above the critical thickness range have behavior identical to the one observed for the film with tCu = 7 nm. The
film with tCu = 3 nm is within the critical Cu thickness range and have an intermediate behavior.
metric magnetoimpedance behavior for anisotropic sys-
tems. The MI curves have the double peak behavior,
symmetrical at aroud H = 0, with peaks with roughly
the same amplitude. For frequencies up to ∼ 0.85 GHz,
the position of the peaks remains unchanged close to the
anisotropy field, indicating that the skin effect is the main
responsible by the changes of transverse magnetic perme-
ability governing the magnetization dynamics. For fre-
quencies above this value, not presented here, besides the
skin effect, the FMR effect also becomes an important
mechanism responsible for variations of the MI effect, a
fact evidenced by the displacement of the peaks position
toward higher fields as the frequency is increased. The
contribution of the FMR effect to Z is also verified us-
ing the method described by Barandiara´n et al.30, and
previously employed by our group17.
On the other hand, films with tCu ≥ 3 nm present
noticeable asymmetric magnetoimpedance effect. The
asymmetric behavior is assigned by two characteristic
features: shift of the MI curve in field, depicted by the
asymmetric position of the peaks, and asymmetry in
shape, evidenced by the difference of amplitude of the
peaks. Figure 3 shows the evolution of the MI curves, at
selected frequencies between 0.5 GHz and 3.0 GHz, for
the film with tCu = 7 nm, as an example of the exper-
imental result obtained for the ferromagnetic films with
tCu above 3 nm. Here, it is important to notice that
the presented MI behavior is acquired when the field
goes from negative to positive values. However, the MI
curves are acquired over a complete magnetization loop
and present hysteretic behavior. In particular, when the
field goes from positive to negative values, the MI behav-
ior is reversed.
From Fig. 3, regarding the position of the peaks, since
the skin effect commands the dynamical behavior, the
peaks remain invariable at the low frequency range. For
this film, the peak at negative field values is located at
∼ −4 Oe, while the one at positive fields is at ∼ +30
Oe. For the other films with tCu > 3 nm and biphase
magnetic behavior, the peak at positive field is placed
at similar value, although the location of the peak at
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FIG. 2: The MI curves at frequency of 0.75 GHz measured
for the films with different thicknesses of the non-magnetic
Cu spacer material tCu. The MI curves are acquired over a
complete magnetization loop and present hysteretic behavior.
Here, we show just part of the curve, when the field goes from
negative to positive values, to make easier the visualization
of the whole MI behavior.
negative field present dependence with tCu, as will be
discussed. With respect to the amplitude of the peaks
at low frequencies, for all films with tCu > 3 nm, the
MI behavior exhibits an asymmetric two-peak behavior,
with the peak at negative field being with higher am-
plitude than the peak at positive field. As a signature
of the emergence of the FMR effect, the displacement of
the peak at negative field begins at ∼ 0.6 GHz, while the
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FIG. 3: Evolution of the experimental MI curves for selected
frequencies for the ferromagnetic biphase fil with tCu = 7
nm. Similar results are obtained for all the ferromagnetic
films with tCu above 3 nm and biphase magnetic behavior.
We show just part of the curve, when the field goes from
negative to positive values.
position of peak at positive field starts changing at ∼ 1.1
GHz. Above ∼ 1.5 GHz, strong skin and FMR effects are
responsible by the MI variations. At this high frequency
range, the asymmetry still remains in the portion of the
impedance curve around the anisotropy fields. However,
the displacement of the peaks toward higher fields sup-
press the impedance peak asymmetry, in position and
amplitude, resulting is symmetric peaks around H = 0
with same amplitude. For the film with tCu = 3 nm with
intermediate magnetic behavior, similar features are ob-
served respectively at ∼ 0.75 GHz, ∼ 1.1 GHz, and ∼ 2.0
GHz.
The most striking finding in the dynamic magnetic re-
sponse resides in the asymmetry of the MI curves mea-
sured for the films with biphase magnetic behavior. It
is important to notice that the magnetoimpedance re-
sponse is nearly linear for low magnetic field values, and
the shape of the Z curves depends on the thickness of
the non-magnetic Cu spacer material and probe current
frequency. As a consequence, the best response can be
tuned by playing with both parameters. Figure 4 shows
the frequency spectrum of impedance variations between
±6 Oe, as defined by Eq. (1), for each film, indicating
the sensitivity around zero field.
From the figure, we verify that the films split in dif-
ferent groups according the sensitivity around zero field.
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FIG. 4: Frequency spectrum of impedance variations between
±6 Oe for the films with different thicknesses of the non-
magnetic Cu spacer material tCu, indicating the sensitivity
around zero field. Notice the kind of saturation effect ob-
served as the tCu increases above 3 nm, related to the ampli-
tude and frequency at which the maximum impedance change
is reached.
It is important to notice that each one is related to a
given magnetic behavior, verified through the magneti-
zation curves. Films with tCu < 3 nm have the largest
sensitivity values at ∼ 1.0 GHz, the film with tCu = 3 nm
at ∼ 0.9 GHz, while the ones with tCu > 3 nm at ∼ 0.75
GHz. For all of them, the sensitivity peak is found to
be at frequencies just after the FMR effect starts ap-
pearing, and while the MI peaks are still placed close to
the anisotropy fields. The highest sensitivity is observed
for the films with tCu > 3 nm, reaching ∼ 8 mΩ/Oe,
and seems to be insensitive to the thickness of the non-
magnetic spacer material. In this situation, the AMI
curves have nearly linear behavior at low magnetic field
values, and the slope of the linear region at nearly zero
field is negative, due to the shape of the MI curve.
Our results raise an interesting issue on the behav-
ior of the peaks in the magnetoimpedance effect and the
energy terms affecting the transverse magnetic perme-
ability. Generally, our films consist of two ferromagnetic
layers, with distinct anisotropy field strengths, intermedi-
ated by non-magnetic spacer material. We interpret our
experimental data as a result caused by the competition
between two types of magnetic interactions between fer-
romagnetic layers: exchange coupling between touching
ferromagnetic phases, and long-range dipolarlike or mag-
netostatic coupling31. In particular, they are strongly
dependent on the thickness of the spacer material, and
the action of each one affect in different ways the MI
behavior.
If both ferromagnetic layers are quasi-saturated, where
there are no walls with wall stray fields, the coupling
should adjust the magnetization of the two ferromagnetic
layers parallel to each other. For tCu < 3 nm, the strong
coupling is caused by the exchange interaction between
5touching ferromagnetic layers and through pinholes in
the non-magnetic spacer, and the whole sample behaves
as a single ferromagnetic layer18. In this sense, we con-
firm the expected symmetric magnetoimpedance behav-
ior of single anisotropic systems.
For tCu > 3 nm, the Cu layer is completelly filled
18,
and the nature of the coupling is magnetostatic. If
the ferromagnetic layers were completely uncoupled, one
could expect multiple peak MI behavior, associated to
the anisotropy fields of each different layers, around ±30
Oe and ±10 Oe. This behavior is not verified here, in-
dicating that the AMI can not be explained assuming
independent reversal of the NiFe and Co layers. Thus,
the asymmetry arises as a result of the magnetostatic
coupling between the ferromagnetic layers. The origin
of the magnetostatic coupling is ascribed to the hard Co
magnetic phase in terms of an effective bias field, induced
by divergences of magnetization mainly due to roughness
in the interfaces and limits of the sample24, that must be
taken into account as a contributor to the transverse per-
meability. The field penetrates the non-magnetic spacer
layer and results in a torque on the magnetization of
the opposite layer. It is important to point out that the
anisotropy field of the hard Co layer is considerable larger
than the soft NiFe layer, the reason why this asymmetric
behavior is not verified in traditional multilayers.
In this sense, the main features of the asymmetric mag-
netoimpedance verified in films with biphase magnetic
behavior can be explained through the effective interac-
tion between the ferromagnetic layers. The influence on
the soft NiFe layer is dependent on the magnetic state of
the hard Co layer, as well as on the thickness of the Cu
layer spacer. The difference of amplitude of the peaks is
understood from the magnetic saturated state in terms
of the orientation of the two layers. The peak at nega-
tive field is higher than that in positive field, since the
magnetization of the soft NiFe layer is parallel to the
magnetization of the hard Co layer and consequently to
the magnetostatic field, as well as to the external field.
Since the magnetization of the NiFe layer is reverted as
the field is increased, the sense of this magnetization with
respect to the magnetostatic field is modified, and this
form closes the magnetic flux, resulting a lower peak24.
Similar dependance with the orientation of magnetiza-
tions has already been verified in field-annealed Co-based
amorphous ribbons4. When the MI measurement is ana-
lyzed for decreasing magnetic field, the reverted behavior
is observed, with the higher and smaller peaks at posi-
tive and negative fields, respectively, since the sense of
the magnetization of the hard Co layer is the opposite.
By employing MI measurements, it is possible to es-
timate the effective coupling strenght between the NiFe
and Co layers. This can be done by considering the lo-
cation of the peaks in the MI curves at the low frequen-
cies. Figure 5 shows the magnetic field values in which
the impedance peaks are located, for different thicknesses
of the non-magnetic Cu spacer material, at the low fre-
quency range. The position of the impedance peak at
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FIG. 5: Magnetic field values in which the impedance peaks
are located, at 0.5 GHz, for the films with different thicknesses
of the non-magnetic Cu spacer material tCu. Notice that the
films with tCu ≤ 1.5 nm present double peak behavior, sym-
metrical at aroud H = 0.
negative field presents a noticeable dependence with tCu.
In particular, it is verified a reduction of the field value
where the peak is located as tCu is increased, corroborat-
ing the assumption of a magnetostatic origin of the cou-
pling between the ferromagnetic layers. In this sense, we
interpret the reduction as an indication of the decrease
of the bias field intensity acting on the soft NiFe layer
as the Cu thickness is increased. On the other hand, the
peak at positive field is located at ∼ 30 Oe, except for the
sample without the non-magnetic spacer material. The
constancy in the peak location, irrespective of tCu and
field value of the Co reversion for each sample, suggests
that this value corresponds to a intrinsic feature of the
ferromagnetic Co layer, since it presents similar thick-
nesses for all samples. Thereby, we understand it as the
magnitude of the bias field induced by the hard Co layer.
In conclusion, we have investigated the magne-
toimpedance effect in ferromagnetic NiFe/Cu/Co films
and observed the dependence of the MI curves, in par-
ticular, amplitude and position of the peaks, with the
thickness of the non-magnetic Cu spacer material. We
have verified that the MI response of these films can be
taylored by the kind of magnetic interaction between the
ferromagnetic layers. In this sense, the coupling between
the layers is usefull to develop materials with asymmet-
ric MI. From the results, we have observed the crossover
between two distinct magnetic behavior, associated to
distict kind of the magnetic behavior between the ferro-
magnetic layers, exchange interaction and magnetostatic
coupling, as the Cu thickness is altered crossing through
tCu = 3 nm. Thus, we have tuned the linear region of the
asymmetric magnetoimpedance curves around zero mag-
netic field by varying the thickness of the non-magnetic
spacer material, and probe current frequency. The high-
est sensitivity is observed for the films with tCu > 3 nm,
6reaching ∼ 8 mΩ/Oe, and seems to be insensitive to the
thickness of the non-magnetic spacer material. These
results extend the possibilities for application of ferro-
magnetic films with asymmetric magnetoimpedance as
probe element for the development of auto-biased linear
magnetic field sensors, placing films with biphase mag-
netic behavior as promissing candidates to optimize the
MI performance.
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